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Abstract  
Traffic is the major source of submicrometre particles in an urban environment but the 
spatial distribution of particles around an urban site has not been measured. The aim of 
this paper was to investigate the relationship of gaseous pollutants and particles at a busy 
central urban location surrounded by buildings. This study measured the concentration 
and size distribution of submicrometre particles at a fixed location and concentrations of 
submicrometre particles and CO at ten locations around a square site in the Brisbane 
Central Business District (CBD). Changes in concentration were assessed as a function of 
traffic volume and wind direction and speed. 
Fixed site measurements of submicrometre particle number concentration varied between 
7.9x102 and 2.6x105 cm-3 and showed a strong positive correlation with traffic flow rate, 
confirming that vehicles were the major source of urban submicrometre particles. The 
particle concentration decreased exponentially with increasing wind speed.  
Average particle concentrations around the site ranged between 22.5 x103 and 32.5 x103 
cm-3. Analysis of the particle measurements around the site showed that time and location 
both had a statistically significant effect on mean particle concentration around the square 
over the period of the study. 
Around the site CO concentration was relatively constant (within instrument error), 
ranging between 2.2 and 4.5 ppm. Again both time and location had a statistically 
significant effect on CO concentration during the measurement period. However, CO 
concentration was not significantly correlated to particle number concentration around 
the site and examination of between site comparisons with the two pollutants showing 
different spatial and temporal trends. 
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The significant difference in the concentration trends between the locations around the 
square indicates that there is considerable inhomogeneity in the particle concentration 
around the site. One implication of this is that careful thought must be given to locations 
of air intakes of air conditioning systems in urban environments.  
 
1.1. Introduction 
Most of the submicrometre particles present in an urban environment are the result of 
traffic emissions(Zhang and Morawska 2002; Morawska 2003). Investigations of vehicle 
emissions constitute a complex problem since size, composition and number of particles 
emitted are a function of a variety of factors including fleet composition, driving cycle 
and dispersion. It is important to understand the spatial distribution of the aerosols with 
regards to human exposure assessment because health problems related to poor air quality 
have been demonstrated to have a significant impact on the standard of life and the 
economy. Whilst it has shown that particle mass in terms of PM10 and PM2.5 have a 
significant relationship with mortality rate, recent studies have linked respiratory 
problems to ultrafine particle number concentration (d <0.1 µm). Whilst a large number 
of studies have investigated the spatial distribution in relation to PM10 and PM2.5 very 
little research has been done in relation to particle number concentration, particularly in a 
complex urban environment. Since it has been shown that outdoor air quality has a large 
influence on pollutant concentrations indoors(Jamriska, Thomas et al. 1999; Franck, 
Herbarth et al. 2003) outdoor spatial distribution of pollutants is of considerable 
importance with respect to indoor air quality and location of air intakes.  
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Several studies(Pfeffer 1994; Janssen, Van Mansom et al. 1997; Kinney, Aggrawal et al. 
2000) concluded that traffic did not significantly influence the mass of particles near a 
road. However, particle number concentrations were found to be significantly higher next 
to a road(Harrison, Jones et al. 1999; Junker, Kasper et al. 2000) and more recent 
studies(Buzorius, Hameri et al. 1999; Morawska, Thomas et al. 1999; Hitchins, 
Morawska et al. 2000; Zhu, Hinds et al. 2002) have shown that the particle concentration 
decreases with distance from the street.  A review of particle dispersion measurements 
has been conducted by Morawska (2003)(Morawska 2003), who concluded from the 
studies that whilst the number concentration decreased exponentially with distance 
significantly elevated particle numbers were observed within the first 100m. However, 
most of the studies have taken place in open locations away from buildings. In an urban 
environment surrounded by roads elevated particle concentrations should be ubiquitous. 
In addition, Morawska (2003)(Morawska 2003) commented on the differences observed 
in the vertical particle number concentration profiles around buildings in the studies, 
presumably due to differences in the complex flow patterns within a street canyon or 
building environment. Therefore, the observations from the open road studies may not be 
applicable to urban locations where different wind patterns will substantially affect 
dispersion. 
The aim of this study was to investigate the spatial distribution of pollutants in an area in 
Brisbane CBD to assess the effects of traffic and meteorology on the spatial variation in 
particle number concentration in a busy urban environment. Brisbane is the capital of the 
state of Queensland, Australia and lies at approximately 27’30°S and 153°E near the 
mouth of a major river. The southeast Queensland region has a population of 
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approximately 1.3 million with an extended residential area and a small industrial base. 
This specific area was chosen due to its flat topography around the measurement site in a 
busy location surrounded by four roads within the CBD. Specific questions to answer 
were: (i) were particles uniformly distributed around the site and (ii) could the 
distribution of the particles be estimated based on traffic flow and wind direction around 
the site? The concentration of a gaseous pollutant, known to be emitted by vehicles, was 
measured simultaneously with particles to allow the comparison with previous dispersion 
studies, the majority of which examined the dispersion of gases. Due to the convenience 
of sampling and specificity to vehicle emissions it was decided to measure the CO 
concentration around the site, as opposed to NOx or CO2. Vakeva et al.(Vakeva, Hameri 
et al. 1999) found that the rooftop concentration of CO correlated well with particle 
number concentration (6nm>d<300nm) in an urban street canyon and several 
studies(Menichini, Bertolaccini et al. 1999; Zhu, Hinds et al. 2002) have shown that close 
to roads changes in CO and submicrometre particle number concentration follow each 
other very well. 
 
2. Experimental Method and techniques 
The measurement site was around a construction site located in the CBD in Brisbane. The 
site, shown in Figure 1, was a flat 90 m square area surrounded by four roads. George 
Street, North Quay and Adelaide Street are about 10 – 15 m wide, whilst Queen Street is 
about 5 m wide. In the immediate vicinity of the site on three sides are buildings, whilst 
the river runs to the south (North Quay direction). The direction of traffic flow is 
represented by arrows in the diagram. Each intersection around the sampling site has 
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traffic lights and waiting periods are about one minute. The measurements were 
conducted between 14th January and 29th January 2004, starting at about 07:00 and 
finishing at about 17:00 each work day. Two types of measurements were performed. 
Particle number concentration in the size range 9 to 407 nm was continuously measured 
during the measurement campaign at a fixed location, and CO and particles in the size 
range 0.02 µm to greater than 1 µm were measured at ten locations around the site, as 
shown in Figure 1. 
 
2.1. Instrumentation 
Particle concentrations were measured using a Scanning Mobility Particle Sizer (SMPS) 
and a P-Trak. CO concentration was monitored using a Q-Trak Plus and meteorological 
data was continually measured using a Davis Instruments Weather station. In addition, 
the type and number of vehicles for each fifteen minute period between 06:30 and 18:30 
were manually counted for North Quay and George Street. 
 
2.1.1. Particle measurements 
The fixed site measurements of particle size distribution (PSD) were conducted using an 
SMPS, comprising a TSI 3071A Electrostatic Classifier (EC) coupled to a TSI 3010 
Condensation Particle Counter (CPC). The SMPS classifies particles in the EC according 
to their electrical mobility, which is a function of size. The particles then pass into the 
CPC where butanol condenses on the particles to produce larger particles, which are 
subsequently counted using laser light scattering. The operating conditions used for the 
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SMPS for all measurements included a sheath flow of 7 l min-1, an aerosol flow of 0.7 l 
min-1 and scan time of 120 seconds.  
The SMPS was calibrated before and after the measurement period for the PSD using 
standard latex spheres. No differences were observed in the two PSD spectra performed 
before and after the measurement period. 
A P-Trak (TSI, Model 8525) was used to measure particle concentration in the size range 
from 20 nm to over 1 µm. The P-Trak is a portable condensation counter, which uses a 
continual fixed sample flow of 100 cm3 min-1 to draw the air through a saturator tube 
soaked with isopropanol, which condenses on the particles causing them to grow. The 
particles then pass through a focused laser beam producing flashes of light which are 
counted using a photodetector. One drawback of the P-Trak was that the saturator tube 
had to be regularly resoaked in isopropanol, resulting in short gaps in the measurements 
around the square. 
 
2.1.2. Comparison between particle measuring instruments 
The SMPS and the P-Trak both measure particle number concentration but size ranges of 
the instruments were different. In particular, the upper and lower size ranges of the P-
Trak were higher than those of the SMPS. Therefore, the results obtained by these two 
instruments were not expected to be the same. However, the overwhelming majority of 
ambient urban particles in terms of number concentration are in the ultrafine range 
(particles smaller than 0.1 µm). Particles in this range are measured by both instruments. 
Overall, it is expected that the difference between SMPS and P-Trak readings would not 
exceed 20%. Matson et al.(Matson, Ekberg et al. 2004) observed a difference between a 
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CPC and P-Trak of less than 20% in all readings with almost half of the readings 
differing by less than 5%. The top end of the size range measured in their study was 
greater than in this study; however, the concentration of particles originating from 
vehicles above the upper range of the SMPS has been shown to be 
insignificant(Ristovski, Morawska et al. 1998) and is not expected to affect the particle 
number concentration measured by the P-Trak . Therefore these two instruments are 
employed for simultaneous measurements of particle concentrations in different 
locations. In this paper the property measured by them is referred to as “submicrometre 
particle concentration”, and the name of the instrument used for specific measurements is 
also indicated. 
 
2.1.3. CO measurement 
A Q-Trak Plus (TSI, Model 8554) was used to measure CO concentration. The 
instrument uses an electrochemical sensor to determine the CO concentration between 0 
and 500 ppm with a resolution of 1ppm and a response time of less than 1 minute.  
 
2.1.4. Meteorology 
Meteorological conditions were measured using a Weather station (Davis Instruments 
Weather Monitor II). The weather station was situated on a raised platform about 6 
metres above the ground on the southwest corner of the site. Temperature, relative 
humidity, wind speed and direction, atmospheric pressure and solar irradiance were 
measured every 20 seconds and averaged over 3 minute and 15 minute periods 
throughout the sampling period.  
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2.2. Sampling procedures 
The SMPS sampled continuously from a fixed location about 3 m from the corner of 
Queen Street and North Quay. The instrument was situated in an air conditioned 
portacabin with the air drawn in through non conducting tubing, 1 m long and of internal 
diameter 0.01 m, the inlet of which was located outside the cabin about 1 m above the 
ground. Previous studies have found particle losses in the tubes of this length to be 
negligible(Willeke and Baron 1993). 
A measurement circuit was defined as the period required to make the measurements at 
the ten locations around the square prior to stopping to resoak the saturator tube. 
Measurements using the Q-Trak and P-Trak were performed simultaneously every 
minute over a period of three minutes at each of the ten locations around the square. From 
each set of three readings an average concentration was calculated at each location for the 
measurement circuit. The measurements were taken within 1.5 m from the kerbside and 
between 1 and 1.5 m from the ground. Due to traffic induced turbulence, the air in this 
region is expected to be well mixed and the concentrations constant within this volume. 
Traffic measurements were conducted on nine days between 14th and 28th January, 2004 
for North Quay and George Street. Vehicles were categorised into four vehicle groups: 
light vehicles, which included cars and small vans, heavy vehicles, buses and local 
construction traffic.   
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2.3. Statistical analysis 
All statistical analyses (correlation, two-way ANOVA and multiple comparisons) were 
conducted using Microsoft Excel, Microsoft Origin 6.0 and a statistical analysis software 
package, S-Plus for Windows Version 6.0 Professional (Insightful Corp.) A level of 
significance of p=0.05 was used for all statistical tests. 
Submicrometre and CO concentrations around the site were categorised in terms of 
location and time (circuit number around the site). The particle concentrations measured 
at the ten locations around the site were analysed by linear regression and ANOVA to 
determine the pattern and variation of concentration with respect to time, location and 
repetitions within the location.  
Differences in particle concentration trends within the time periods between the different 
locations were analysed using Tukey’s post hoc multiple comparison method following 
the ANOVA. 
 
3. Results and Discussion 
3.1. Traffic flow rate and composition 
Similar diurnal trends were observed during the measurement period for the traffic flow 
rate along George Street during all weekdays. Figure 2a shows that total traffic flow rate 
increased from about 60 vehicles between 06:30 and 06:45 to over 200 vehicles between 
08:30 and 08:45. The composition of the traffic along George Street was dominated by 
light vehicles, which made up 94% of the total number. Buses and heavy vehicles each 
accounted for only 3% of the total vehicle number. However, during peak traffic times 
buses made up 5% of the traffic flow. During the day total traffic flow rate along George 
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Street was relatively constant until 17:00 when vehicle numbers rose to 260 before 
decreasing at 18:00. 
On Saturday the traffic flow rate along George Street rose from between 40 and 50 
vehicles per 15 minutes between 06:30 and 08:30 to a sharp peak at 09:00 of 170 vehicles 
per 15 minutes before falling to 50 vehicles at 9:15. Then total traffic flow rate rose 
steadily to reach 160 vehicles at 12:15 and remained relatively constant at about 130 
vehicles per 15 minutes until 17:00. After 17:00 the traffic flow rate increased to 170 
before decreasing to 80 vehicles per 15 minutes at 18:30. 
On Sunday a steady increase in traffic along George Street was observed from 20 at 
06:30 to 200 vehicles per 15 minutes at 18:00 before decreasing rapidly to 90 at 18:30. 
As shown in Figure 2b, along North Quay the traffic flow rate rose from between 70-120 
vehicles between 06:30 and 06:45 to over 220 between 08:15 and 08:45. The composition 
of the traffic along North Quay was again dominated by light vehicles but the number of 
buses travelling along North Quay was higher than the corresponding traffic along 
George Street and made up 18% of the total vehicle number. The composition of the 
traffic remained relatively constant throughout the day. Traffic flow rate then decreased 
to about 185 vehicles per 15 minutes although occasional increases in total traffic flow 
rates were observed during the middle of the day between 12:30 and 13:15 coinciding 
with increases in light vehicle traffic. The traffic flow rate increased in the late afternoon 
reaching a peak total vehicle count from 210 to 230 between 17:00 and 17:45. 
Along North Quay on Saturday the traffic flow rate rose steadily throughout the morning 
from 50 vehicles per fifteen minutes to between 160 and 170 vehicles per 15 minutes 
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between 11:30 and 14:00. Afterwards the traffic flow rate decreased slowly to 115 
vehicles per 15 minutes at 18:15.  
On Sunday the total traffic flow rate was relatively constant at 40 per 15 minutes until 
08:30 and then rose to between 120 and 130 per 15 minutes between 11:00 and 15:00. 
After 15:00 the traffic flow rate decreased to 60 per 15 minutes at 18:30. 
During the weekend buses accounted for on average 14% (range 0-22%) with light 
vehicles accounting for 85% (range 69-100%) on North Quay. On George Street light 
vehicles made up on average 96% of the total vehicle number (84%-100%) with heavy 
vehicles accounting for upto 12 % of the traffic during certain periods. 
Whilst the traffic patterns along North Quay and George Street were similar on 
weekdays, at the weekend the traffic flows along North Quay and George Street were 
different from each other and showed a different profile than during the weekdays. One 
obvious difference was the much lower peak traffic numbers at the weekend. 
During the measurement period local construction vehicles contributed less than 1% of 
all vehicles along North Quay and 0% along George Street and so have not been included 
in the subsequent discussion. 
 
3.2. Measurements of particle number at the fixed location 
3.2.1. Size Distribution 
A typical PSD measured by the SMPS is shown in Figure 3. Two main features were 
observed in the spectrum of the ambient air. The first centred around 35 nm with a second 
peak observed at around 80 nm. Additionally, peaks around 16 nm and greater 120 nm 
were occasionally observed in the spectra, which are characteristic of nucleation and 
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accumulation mode particles respectively. The peaks are consistent with PSDs of 
submicrometre particles produced by gasoline and diesel engines, where the majority of 
the particles are in the size range 20-60 nm and 20-130 nm, respectively(Guenther, Lesko 
et al. 1996; Maricq, Podsiadlik et al. 1998; Morawska, Bofinger et al. 1998). The peak at 
35nm was indicative of the greater percentage of petrol fuelled vehicles (~80 %) in the 
fleet composition on North Quay, despite diesel vehicles being significantly stronger 
emitters than spark ignition vehicles.  
The PSDs were consistent with the observations of Jeong et al.(Jeong, Hopke et al. 2004) 
and Zhu and Hinds(Zhu, Hinds et al. 2002), and together with the correlation observed  
between particle number concentration at the site and traffic flow, discussed later, 
confirm that the major source of pollution at the site was from traffic. 
 
3.2.2. Correlation between particle number concentration and traffic flow rate 
When the wind was from the south, the particle concentration was expected to be more 
heavily influenced by the traffic along North Quay, and when the wind came from the 
north the particle concentration was more likely to be influenced by the traffic along 
George Street. To test this hypothesis and the relationship between particle number 
concentration and traffic, the particle number concentration as a function of traffic flow 
rate on North Quay and George Street was analysed as a function of wind direction. 
During southerly wind periods a significant correlation was observed between traffic flow 
rate along North Quay and particle number concentration (R2 = 0.285, p<0.0001). 
However, no such correlation was observed in the analysis of particle concentration as a 
function of traffic flow rate on George Street when the wind was from the north (R2 = 
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0.02, p = 0.139). In fact, when the wind came from the north, particle number 
concentration showed a better correlation with traffic flow rate along North Quay than 
with the traffic flow rate on George Street. There are two possible explanations for this 
finding. Firstly, the distance between the SMPS and the source was much less with 
respect to North Quay. During periods of low wind speed the effect of vehicle induced 
turbulence can result in significant dispersion of the emissions from vehicles on North 
Quay towards the SPMS even with a northerly wind. Secondly, the wind direction was 
recorded as the average over a 15 minute period, in order to coincide with the frequency 
of the traffic count data. Although the wind data was recorded as coming from one 
direction there were periods during the 15 minute period when the wind direction 
changed. Due to the proximity of the measuring location to North Quay, periods when the 
wind was from the south would have a much stronger influence on the concentration at 
the SMPS than when the wind came from George Street. 
 
3.3. Wind Effects 
Daily profiles of the wind pattern show that in general the wind in the morning was light 
and came from the south, and in the afternoon the wind speed increased and the direction 
changed to the northeast. This means that in the morning the air quality was more heavily 
influenced by traffic from North Quay and in the afternoon by traffic on George Street. 
Analysis of the times when wind was from the south showed that wind direction and 
speed as well as traffic flow rate on North Quay had a statistically significant effect on 
total particle concentration measured by the SMPS (p=0.03, 0.01 and <0.0001 
respectively). 
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Figure 4a is a plot of submicrometre particle number concentration versus vehicle 
number on North Quay for southerly winds between 135º and 225º for all wind speeds for 
days when traffic data was available. No significant correlation was observed between 
particle number concentrations and vehicle count for the different wind speeds. However, 
this relationship is strongly mitigated by wind direction: analysis of the concentration for 
times when northerly winds were blowing shows that only wind speed had a statistically 
significant effect on total particle concentration (p=0.04). This is most probably due to 
the much greater distance between the source and the SMPS. 
Figure 4b shows a plot of particle number concentration per vehicle against wind speed, 
for periods when the wind speed was greater than 10 m s-1 and wind direction was 
between 315º and 45º. The plot shows a clear decrease in average particle number per 
vehicle with increasing wind speed. As with previous studies(Hitchins, Morawska et al. 
2000; Zhu, Hinds et al. 2002) where an exponential decay was fitted to describe the 
decrease in concentration as a function of dispersion, this decrease could be described by 
an exponential decay (R2 = 0.98). This is consistent with the treatment of pollutant 
dispersion in Gaussian models, where concentration is inversely proportional to wind 
speed (Seinfeld and Pandis 1998). 
During southerly wind periods no change in particle concentration per vehicle was 
observed with different wind speeds. A conclusion which can be drawn is that due to the 
short distance that the particles have travelled between the source and the SMPS, dilution 
has not affected particle concentration. However, as discussed earlier, when the wind 
came from the north, a dramatic decrease was observed in particle concentration per 
vehicle with increasing wind speed. This finding agrees with Jamriska and 
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Morawska(Jamriska and Morawska 2001), who observed a strong negative correlation 
between wind speed and particle concentration in an urban area, and Hitchins et 
al.(Hitchins, Morawska et al. 2000) who observed higher submicrometre particle 
concentrations closer to the road with lower wind speed and vice versa. The 
measurements here confirm that wind speed can dramatically affect dilution of the plume 
but is only significant as the distance from the source increases. 
Zhu et al.(Zhu, Hinds et al. 2002) found that both wind direction and speed play an 
important role in determining dispersion characteristics of ultrafine particles near a 
freeway. They concluded that this was due to increased dilution of the particles at higher 
wind speed. However, in a subsequent study on a different freeway Zhu et al.(Zhu, Hinds 
et al. 2002) observed an increase in submicrometre particle concentration upto a 
maximum at a wind speed of 1.5 m s-1 followed by a decrease. The authors were unable 
to explain the different trends on the two freeways; although they stated that the vehicle 
traffic was similar on the two freeways they did not take into account the effect of 
changing vehicle numbers on the particle concentration with wind speed. 
Lin and Lee(Lin and Lee 2004) reported an increase in the average daily mass of 
submicrometre particles with average daily wind speed to a maximum around 1.7 m s-1 
before the mass decreased at higher wind speeds. They observed lower submicrometre 
particle concentrations in the summer months with highest concentrations between 
December and February and concluded that the higher winter concentrations were due to 
poorer ventilation, lower mixing height and lower wind speeds in the winter months. 
However, lower average wind speeds were observed in September and October when mid 
range concentrations were measured. Again no comment on traffic numbers was made. 
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McGregor et al.(McGregor, Ferreira et al. 2003) recently compared particle 
concentrations on a freeway as a function of vehicle numbers at different wind speeds 
and concluded that as the wind speed increased the particle concentration per vehicle 
decreased. 
 
3.4. Variation of pollutant concentrations at locations around Brisbane Square 
3.4.1. Submicrometre particle concentrations  
Individual measurements of particle number concentrations ranged from about 2.6 x103 
to 91.0 x103 cm-3 around Brisbane Square and the average concentration for each location 
during the measurement period varied between 22.5 x103 and 32.5 x103 cm-3. This is 
shown in Figure 5a, where error bars represent one standard deviation. 
As shown in this figure, the lowest number particle concentrations were measured at the 
middle of Queen Street (location 10) and the corner of George Street and Queen Street 
(9). Particle number concentration increased along George Street towards Adelaide Street 
and remained consistently high all along Adelaide Street, with the concentration reaching 
a maximum at the corner of North Quay and Adelaide Street (4). The concentrations 
decreased from Mid North Quay (3) towards the corner of Queen Street and North Quay 
(1). 
 
3.4.2. CO concentrations: 
Individual CO concentrations at the ten locations ranged from 0.4 to 15.6 ± 3.0 ppm. 
Average CO concentrations, shown in Figure 5a, over the whole measurement period 
varied between 2.2 and 4.4 with an average across the site of 3.0 (± 0.7) ppm. 
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The average ratio of particle number to CO concentration around the square, shown in 
Figure 5b, varied considerably with high values observed at locations 4-7 and a low ratio 
at mid Queen Street (10).  
 
3.5. Spatial variation in particle and CO concentration around Brisbane Square 
The regression analysis confirmed that time, location and the interaction between time 
and location all had a statistically significant effect on mean particle concentration 
measured around the square over the period of the study (all p<0.0001). That is, the mean 
particle concentration was not equal at all locations (averaged over time periods), or over 
all time periods (averaged over locations). Further analysis was performed to determine 
those locations that were statistically different from one another.  
The analysis showed that the three measurement locations along North Quay (2-4) were 
not significantly different (p <0.05) from the locations on Adelaide Street (5-6) but were 
significantly different (p>0.05) from the measurement locations on George Street (7-9). 
This could be explained by the different traffic composition and traffic flow between 
George Street and North Quay. The measurements also show that despite the higher 
traffic flow along George Street compared to North Quay, particle concentrations were 
highest along North Quay and Adelaide Street and lowest along George Street and Queen 
Street.   
The greater submicrometre emissions observed in this study along North Quay and 
Adelaide Street compared to along George Street are consistent with vehicle emission 
studies, which have shown higher emissions from diesel engines compared to petrol 
engines. Recent studies(Ristovski, Jayaratne et al. 2004; Ristovski, Morawska et al. 2004) 
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reported much higher submicrometre particle emissions by buses, using both low sulphur 
diesel and ultra low sulphur diesel, compared to a sedan car using unleaded fuel. 
Emissions of submicrometre particles from the buses generally ranged from 0.1 to 1.0 
x1013 particles km-1, whilst the sedan produced between 7-8 x109 particles km-1 when 
driving at 40 and 60 km h-1. A surprising finding of the analysis was that the particle 
concentrations measured at the two locations at the corner of Adelaide and George Streets 
(6 and 7) were significantly different from one another as were the two locations at the 
corner of North Quay and Queen Street (1 and 2). However, the measurements along the 
sides were not statistically different to the measurements at the corner along the 
respective side of the square. For example the measurements at the location facing 
Adelaide or George Street at the corner of George and Adelaide Streets were different 
from one another even though they were made only three metres apart whilst 
measurements at mid George Street (8) were not statistically different from those made at 
the corner facing George Street (7).  
The regression analysis also confirmed that time, location and the interaction between 
time and location all had a statistically significant effect on CO concentration measured 
around the square over the period of the study (all p<0.0001). That is, the mean CO 
concentration was not equal at all locations (averaged over time periods), or over all time 
periods (averaged over locations), and moreover the pattern of concentration over time 
was not the same at all locations. 
An ANOVA of the differences between sites around the Square revealed a distinct 
difference between the CO and particle results was observed. Whilst the particle 
concentration measurements along North Quay (2-4) and Adelaide Street (5 and 6) were 
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not significantly different from each other, the CO measurements at the corner of North 
Quay and Queen Street and mid North Quay (2 and 3) were significantly different from 
the measurements all the way upto mid George Street (4-8). 
Due to the error associated with the individual readings it was not possible to quantify the 
relationship precisely (around the square the mean CO concentrations were 
approximately 3.0 ± 1.0 ppm). Highest concentrations tended to be measured at the 
middle of Queen Street (10), where an average value of 4.4 (±3.0) ppm was observed. 
This location also showed the largest variation in CO concentration due to the variation in 
number of taxis and their waiting time along Queen Street. Each location was 
significantly different from the location at mid Queen Street (10).  
The high particle to CO ratio observed along Adelaide Street is consistent with the 
increased number of diesel buses associated with the presence of a bus stop. Diesel 
engines have been shown to be higher particle emitters than spark injection and 
compressed natural gas (CNG) vehicles and since they have an excess of oxygen the 
concentration of CO generated is less(Zhu, Hinds et al. 2002).    
The increased CO concentration at the middle of Queen Street is heavily influenced by 
the taxi rank. The number of taxis varied during the measurement period from 0 to 9 
vehicles. The waiting time and whether the engine of the taxi was running during the time 
on Queen Street also varied during the measurements and is expected to have 
considerable effect on the taxi emissions.  
In Brisbane taxis are dual fuelled vehicles, which operate on unleaded fuel and CNG. The 
lower particle to CO concentration observed at Queen Street (10) is inconsistent with 
previous studies, which have shown that engines using CNG emit a similar number or 
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even more particles than a heavy duty diesel engine(Greenwood, Coxon et al. 1996) 
whilst emissions of CO were considerably lower than from a diesel engine(Ristovski, 
Agranovski et al. 1999). This would result in lower CO concentrations relative to the 
particle concentration. However, these studies were based on prescribed driving cycles 
that were different from the waiting times and speeds observed for the taxis in the taxi 
rank in this study. A recent study(Ristovski, Morawska et al. 2004) of buses found that 
whilst idling emissions of submicrometre particles from a CNG bus were somewhat 
higher than a diesel bus (1.3 x104 particles cm-3 and 3.27 x103 particles cm-3 
respectively). The CO emissions were higher for the CNG buses than the diesel bus 
(0.501-2.515 g km-1 versus 0.666 g km-1 respectively at 40 km h-1), although this was not 
tested for speeds less than 40 km h-1.  
Guenther et al.(Guenther, Lesko et al. 1996) observed a reduction in CO emissions from 
3.5 g mile-1 to 0.16 g mile-1 when a dual-fuel operating vehicle ran on CNG fuel 
compared to unleaded gasoline. However, when the vehicle was retested two years later 
the emissions were higher when operating on CNG compared the gasoline, and the 
authors concluded that the vehicle emissions were highly dependant on the vehicle 
condition. Thus higher emissions of CO could result from CNG vehicles consistent with 
observations here. 
 
3.6. Diurnal variation of particle number and CO concentration around the square 
Figure 6 shows a typical plot of CO concentration and particle number concentration as a 
function of time for the corner of George and Adelaide Streets on Friday 23rd January. 
Inspection of Figure 6 shows that there is no obvious trend in particle concentration at 
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this location. Although the traffic flow rate and composition along George Street was 
relatively constant throughout the day with a southerly wind generally in the morning 
(when the analysers were upwind from the closest traffic source on George Street), the 
particle concentration was highest at 07:38. 
Ketzel et al.(Ketzel, Wahlin et al. 2003) and Morawska et al.(Morawska, Jayaratne et al. 
2002) showed a correlation between particles and NOx and CO measured near to a road 
since they originate from the same source. Although the CO concentration trend shown in 
Figure 6 shows reasonable agreement with the trend in particle number concentration the 
magnitude of concentration change did not show such a good correlation. Due to the large 
uncertainty in absolute CO concentrations and low ambient CO concentration measured, 
the individual errors could be up to 300% of the measured concentration. Therefore, the 
high percentage error associated with the individual CO concentration measurements 
could be the cause of the differences in the statistical analysis. 
In addition, the CO and particle number concentrations measured around the Square were 
taken over three minutes, so the average concentrations calculated for each location were 
very dependent on specific conditions for that sampling period, such as traffic volume 
and whether vehicles were stopped at an intersection for a long period of time. Since 
traffic count is divided into 15 minute periods no direct comparison between traffic flow 
and CO and particle concentration was possible. No clear diurnal trend was observed in 
either the CO or the submicrometre particle concentrations at the ten locations. 
 
4. Conclusions 
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This study was conducted in a busy urban location surrounded by buildings with the 
objective of investigating the dispersion of gaseous pollutants and particles. The study 
showed that when the particle source was close to the sampling site traffic count, wind 
speed and direction all had a significant relationship to the particle concentration. 
However, when the source was farther from the SMPS dilution played the major role in 
determining concentration, so only wind speed had a significant effect on particle 
concentration. In addition, the concentration per vehicle showed a strong exponential 
decrease with increasing speed, consistent with observations by McGregor et 
al.(McGregor, Ferreira et al. 2003). 
Submicrometre particle and CO concentrations were observed to vary around the Square 
as a function of location and time. Although the traffic flow rate was higher along George 
Street highest particle numbers were observed along North Quay and George Street. This 
was a result of the higher number of buses that travelled along North Quay compared to 
George Street (18% against 3%) and is consistent with previous studies that found the 
submicrometre particle emissions from diesel buses were higher than from spark ignition 
vehicles. The CO concentration around the Square was almost the same along North 
Quay and George Street but was observed to be significantly higher along Queen Street 
despite a much smaller traffic flow compared to the other two streets. The high CO 
concentration appears to be a result of the taxi rank on Queen Street. Previous studies 
have shown that the ratio of CO to particles produced by CNG vehicles was highly 
variable and depended upon the vehicle condition. This is consistent with the high 
variability of the concentrations measured along Queen Street. Variations in particle 
measurements around the Square, even with regard to locations less than a few metres 
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apart, demonstrate the inhomogeneity of the particle concentration. Variation in 
concentration patterns around Brisbane Square implies that care must be taken when 
designing the measurement strategy with respect to air quality and suitable positioning of 
filtration inlets for air conditioning systems in urban environments. 
The difference observed in the analysis between CO and submicrometre particles and the 
lack of correlation between CO and submicrometre particle concentrations observed at 
the locations around the site demonstrates that gases and particles disperse differently 
from one another within an urban environment, even though they originate from the same 
source. Thus, care must be taken when inferring the concentration of one from the other. 
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Figure 1. Diagram of the measurement site, indicating measurement locations and 
direction of traffic on roads surrounding the site (numbers in brackets refer to locations 
referenced within the paper)  
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Figure 2 Average traffic flow rate for a) George Street and b) North Quay 
 29
0
4000
8000
12000
16000
20000
24000
28000
0 50 100 150 200 250 300 350 400
Particle Diameter (nm)
dN
/lo
gD
p 
(c
m
-3
)
 
Figure 3. A typical particle number size distribution spectrum measured at the fixed 
location.
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Figure 4. Submicrometre particle number concentration per vehicle on a) North Quay for 
winds between 135º and 225º b) George Street when the wind is between 315º and 45º. 
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Figure 5. a) Average CO and particle concentrations around the square over the sampling 
period for each location, b) Ratio of Particle number to CO concentration around the site 
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Figure 6. Time series of CO and particle number concentrations at the corner of George 
Street and Adelaide Street (location 7) on Friday 23rd January. 
 
 
 
 
 
